Jordan faces an archetypal combination of high water scarcity, with a per capita water availability of around 150 m 3 per year significantly below the absolute scarcity threshold of 500 m 3 , and strong population growth, especially due to the Syrian refugee crisis. A transition to more sustainable water consumption patterns will likely require Jordan's water authorities to rely more strongly on water demand management in the future. We conduct a case study of the effects of pricing policies, using an agent-based model of household water consumption in Jordan's capital Amman, in order to analyze the distribution of burdens imposed by demand-side policies across society. Amman's households face highly intermittent piped water supply, leading them to supplement it with water from storage tanks and informal private tanker operators. Using a detailed data set of the distribution of supply durations across Amman, our model can derive the demand for additional tanker water. We find that integrating these different supply sources into our model causes demand-side policies to have strongly heterogeneous effects across districts and income groups. This highlights the importance of a disaggregated perspective on water policy impacts in order to identify and potentially mitigate excessive burdens.
Introduction
The water sector in the Hashemite Kingdom of Jordan faces the challenge of finding ways to use its increasingly scarce resources in a sustainable manner. As we outline below, this will likely entail some degree of demand-side policy interventions and changes to current consumption patterns. While such changes can be crucial for the long-term sustainability of the water sector and the welfare of the society depending on it, they can also temporarily impose undesirable burdens on some parts of society. We, therefore, argue for the importance of accompanying long-term policy planning with simulation models that can identify the risks for different parts of society early on and contribute to their avoidance or mitigation.
In this paper we develop an agent-based model (ABM) that highlights the relevance of this idea in a case study of household water consumption in Jordan's capital, Amman. Piped water supply in Amman and most other parts of Jordan is characterized by a high degree of intermittency, meaning that households only receive piped water for a limited number of days per week, depending on their location. This leads households to adopt a variety of coping strategies, such as collecting water in in-house storage tanks or using alternative water sources, depending on their socio-economic and geographic situation. Alternative water sources mainly include filling the in-house storage with water from private tanker operators, buying 10-20 L bottles from water stores filtering piped or tanker water, or buying 1-2 L water bottles from retail stores [1] . Since bottled and store water is "used exclusively for drinking and cooking" [1] , piped and tanker water are by far the most quantitatively significant residential water sources in urban areas. In rural areas, many households additionally have access to private wells [1] .
In order to investigate the effects of demand-side policies and related supply-side scenarios in this setting, our objectives are to (1) represent the consequences of different weekly supply durations and different in-house storage sizes for piped water demand; to (2) model the distribution of the non-observed demand [2] for additional water from private tanker operators across households of different districts of Greater Amman and different income classes; and to (3) calculate the impacts of the different scenarios on these household types' consumer surplus from water consumption (For the formal definition of consumer surplus impacts, see below, Section 5.4). We have developed our model on the basis of a detailed data set capturing the distribution of piped water supply durations in Amman [3] . We combine these data with other available information in order to create a population of 160 household agents representing the populations of five districts, the various supply duration areas therein, and two income classes, which compete for the scarce piped water supply. We show that households' heterogeneity with regards to their weekly supply duration and coping strategies creates a situation where demand-side policy instruments can indeed affect different socio-economic and geographical subdivisions in society very differently. This case study has been developed in the context of the Stanford-led Belmont Forum project "Integrated Analysis of Freshwater Resources Sustainability in Jordan", or "Jordan Water Project (JWP)" [4] , which will further investigate the policy effects that are analyzed here by developing an integrated model of freshwater use in the whole country of Jordan.
The remainder of this paper is structured as follows: Section 2 outlines the current challenges of the Jordanian water sector. Section 3 develops our model concept. Section 4 describes the conditions for household water consumption in Amman as a background for this case study. Section 5 explains all aspects of our agent-based model, as well as the data sources used. Section 6 describes the analyses conducted with the model and interprets their results. Section 7 discusses the implications of these results. Section 8 concludes the study.
Challenges in the Jordanian Water Sector
The key challenge to Jordan's water sector is the severe and constantly growing scarcity of water, resulting from a combination of declining water resources and growing demands. Jordan's Ministry of Water and Irrigation (MWI) has estimated the per capita availability of water at 145 m 3 per year, comparing this to the internationally acknowledged absolute water scarcity threshold, defined at a significantly higher 500 m 3 per capita per year [5, 6] . Despite this, Jordan has had one of the highest population growth rates in the world, even before the Syrian refugee crisis [7] . On top of that, the number of refugees from Syria already amounted to about 10% of the overall population in 2013 [8] .
A large number of factors contribute to Jordan's water sector challenges. Jordan's water authorities generally put the focus on supply-side factors, such as climate change and disadvantageous water sharing agreements with the neighboring states, as well as other exogenous factors, such as the refugee influx [9] . Correspondingly, the main solutions are seen in major supply enhancements, including the "Red Sea-Dead Sea Canal" project, generating large amounts of desalinated water, and the "Disi Water Pipeline," which now conveys water from Aqaba's Disi aquifer to the North and contributes a significant share to the water supply of Amman [9] . In contrast, policies aimed at water users are mostly limited to combatting illegal water use. While there have been significant efforts towards introducing more water demand management, even in the current national water strategy [5] , water policy is still mainly shaped by supply-side measures [9] . In the literature, a large variety of water demand management strategies have been identified, which could lead to changes in consumption patterns that are necessary to ensure the long-term sustainability of freshwater resources. These include changes in the water tariff structure to better reflect the full cost of water supply, awareness programs, or a phase-out of agricultural subsidies encouraging water-intensive crop production [7, 10, 11] . The literature identifies two main reasons why demand-side measures are necessary for long-term sustainability: (1) the overexploitation of surface and groundwater resources and the addition of non-renewable groundwater resources like the Disi aquifer will only delay the problems of increasing scarcity while the costs of major supply enhancements are strongly increasing [5, 10, 12, 13] ; (2) as long as supply-side enhancements are mainly accompanied by a top-down rationing system where prices have little impact, it remains unclear how much unmet demand different groups in society face [7] . Due to a lack of price signals, little information is available about whether Jordan's welfare might be much larger under a different distribution of water than the one currently used. However, since the goal of the suggested demand-side measures is to promote a transition to more sustainable consumption patterns, they will necessarily impose burdens on some water users. An understanding of the distribution of these policy impacts across society is necessary in order to be able to mitigate excessive burdens on vulnerable actors and to obtain a more objective idea of the political feasibility of different policy options.
Model Concept
In order to analyze these policy impacts, we create a model to determine how the consumer surplus that households derive from using water changes under different scenarios, compared to a baseline scenario. This creates two challenges. Firstly, our model should be able to calculate consumer surplus consistently across all coping strategies used by households. Secondly, since we want to determine policy impacts on heterogeneous groups in society, our model should be able to capture the interaction of these groups in their competition for the scarce water resources available.
The challenge of consistent consumer surplus calculation requires a representation of household demand that is compatible with the use of water storages and multiple supply sources. Various estimates of residential water demand functions are available in the literature. Salman et al. [14] use an instrumental variables regression to estimate demand functions with price and income elasticities from 10,564 cross-sectional observations obtained from the Department of Statistics' (DOS) Jordan-wide Household Expenditure and Income Survey (HEIS). Tabieh et al. [15] apply the same approach to 1360 observations in the Amman-Zarqa basin and they also derive separate demand functions for the cities of Amman and Zarqa, as well as different income classes. Coulibaly et al. [16] determine separate demand functions, cross-price, and own-price elasticities for the use of piped, tanker, water store, and bottled water in the governorate of Zarqa. Though the governorates of Zarqa and Amman are adjacent, it is not clear whether these estimates would be transferable to the Greater Amman Municipality. Salman et al.'s [14] estimate is based on the largest data set by far and exploratory tests indicate that, compared to Tabieh et al. [15] , the estimate also produces demand quantities which are more in line with other observations in the literature. Therefore, the demand functions in our model will be parameterized with the coefficient estimates from Salman et al. [14] .
Since Salman et al. [14] do not explicitly model different water supply sources, the question remains how to determine demands and consumer surplus in a situation where consumers obtain significant quantities of water from both the piped system and tanker operators. The complementation of intermittent piped water supply with tanker water exists in many places around the world [17, 18] . However, as Kariuju and Schwartz [17] point out, the literature consists mostly of case studies "strongly oriented toward opinion". Opryszko et al. [18] conducted a survey of literature that also confirms that there are few systematic analyses of the topic. For Jordan, Rosenberg et al. [19] have, however, developed a model applying a stochastic programming approach to minimize the costs of 39 short-and long-term actions available to Amman households for water use under intermittency, which includes tanker water demand. Their approach differs from the one presented here in that they model cost minimization, while we require a simple utility maximization in order to be able to assess consumer surplus changes.
An approach that is compatible with the modeling objective pursued here is the "tiered supply curve" approach developed by Srinivasan et al. [20, 21] for a similar case study in Chennai, India. This case study also features important aspects of the situation in Jordan, such as intermittent supply, private (informal) tanker water markets, and the reliance of households on several water sources that differ in quality. The "tiered supply curve" approach is based on ordering water supply sources of comparable quality by their price (see Figure 1 ). In the case of Jordan, these supply sources include mainly piped and tanker water. High quality bottled water consumption for drinking and cooking purposes is excluded from consideration a priori, due to its low quantitative significance and since we expect piped and tanker water to be weak substitutes for it. This should also be consistent with the demand function of Salman et al. [14] , since bottled water consumption also seems to have been excluded in its calculation. The "tiered supply curve" model has the advantage that the consumption quantities from all sources considered and the consumer surplus generated by this consumption can be calculated based on a single demand function [20] . Therefore, it allows for the consistent determination of consumer surplus across supply sources, which we are aiming to conduct. Figure 1 . Illustration of the "tiered supply curve" model for one household buying a constrained quantity of piped water charged according to an increasing block tariff and private tanker water sold at a constant price, based on Srinivasan et al. [20] (p = price, y = water quantity, D = demand, S = supply, Ῡ = maximum individual piped water availability). The consumer surplus area is marked in gray, the water expenditure area in blue. The blue line represents the piped water tariff blocks that are not relevant to the household, since they lie beyond its piped water constraint. Bottled water purchases for drinking purposes are assumed to be constant and are not explicitly included in the model.
In order to address the second challenge of capturing the interactions of heterogeneous household types, an agent-based modeling approach is used. Agent-based models (ABMs) can be defined to "consist of purposeful agents who interact in space and time and whose micro-level interactions create emergent patterns" [22] . Instead of a centralized optimization process used in many economic models, for example, to calculate the model's equilibrium state, ABMs rely on decentralized decision-making processes on the level of individual actors (e.g., households, firms, etc.), which then interact according to the rules of a pre-defined environment (e.g., a resource landscape, a market, etc.).
Relevant advantages of the agent-based approach are that it allows for an explicit representation of interactions among heterogeneous actors and for complex integrations of empirical data with theoretical concepts [23] . Here, this approach allows us to capture the interactions of heterogeneous households, whose decisions are based on the "tiered supply curve" approach. The main disadvantage of the decentralized approach of agent-based modeling is that it allows for much higher degrees of complexity than purely equation-based models, which can turn an ABM into a black box whose behavior does not allow for a meaningful interpretation. Here, we try to face this challenge by using simple and transparent assumptions. The behavior of each individual agent is designed in a way that is easily comprehensible, and complexity mainly emerges from agents' interactions.
We represent the population of different household types in Amman by creating one representative household agent for each unique combination of household parameters which we can derive from the available data. Each of these household agents represents the number of households in Amman exhibiting its parameter combination. Household agents interact by competing for scarce water supplies according to rules that are tailored to the water source in question. The case study at hand will apply this model concept to the water supply system in Greater Amman.
The Case Study: Household Water Supply and Consumption in the Greater Amman Municipality
The city of Amman, situated in a larger governorate of the same name, is the capital of the Hashemite Kingdom of Jordan. By the end of 2013, the population of urban Amman, still excluding Syrian refugees, has been estimated to have reached about 2.38 million, which is equivalent to 36.4% of Jordan's total population [24] . In late 2013, refugees were estimated to contribute 119,200 or 146,000 to Amman's population, while the largest share of refugees had settled in the North of Jordan [8, 25] . The size of the city highlights its relevance for Jordan's overall water system. Amman has grown rapidly from a population of just 2000-3000 about a century ago, putting strains on infrastructure development and leading to social disparities [26] . Geographically, the high-income districts of Amman are situated in western and northern parts of the city, whereas low-income households as well as refugees are concentrated more in the eastern parts of the city and in the city center [26] .
Amman's piped water system, receiving a quantity of approximately 100 million m 3 of water each year, is operated by the state-owned private company Miyahuna, whose supply is regulated by the Water Authority of Jordan (WAJ) [10] . It is, however, estimated that this quantity is reduced by about one quarter due to physical losses in the network [10] . About 98% of Amman's households are connected to this piped water system [27] . However, supply intermittency greatly reduces the value of this service to consumers, leading to network damages, incorrect meter readings, and health risks [10] . The expectation of health risks seems to have led the majority of the population to abstain from using piped water for drinking purposes [28] . Since 2005, the weekly supply durations have gone down by almost one half to an average of 36 h in 2010 [10] .
Depending on the reliability of piped water supply in their district and on their socio-economic characteristics, different parts of Amman's society have developed different strategies to cope with the shortage and intermittency of water supply from the piped water system. Most households have roof-top and, sometimes, basement storage tanks, with an average capacity of 3.12 m 3 among low-income and 16.24 m 3 among high-income households, according to a survey [28] . Among the respondents, high quality bottled water was used regularly for drinking and cooking by 44% of high-income and 20% of low-income households [28] . Finally, for other water uses, households complement the unreliable piped water supply with lower quality water sold by the above-mentioned private tanker operators, some of which obtain their water with a license, some illegally [28] .
Legal tanker water is sourced from licensed wells operated by WAJ, which are located at a distance of 20-30 km from the city, for fixed prices [1] , while illegal water is obtained from surface water bodies or private wells. Illegal abstractions naturally circumvent efforts to regulate ground and surface water use and, therefore, reduce freshwater sustainability. Gerlach and Franceys [29] cite a 2004 WAJ estimate, stating that there are about 1267 private tanker trucks in Amman, the majority of which are operated by small entrepreneurs. The capacity of these trucks ranges from 6 to 20 m 3 , and the quality of the transported water varies, depending on the source [1] . Households can buy tanker water at relatively high, negotiated prices either via phone order or at congregation points [1, 29] . The majority of households do not use tanker water for drinking or cooking, but for purposes such as washing, sanitation, or irrigation [1] .
Piped water tariffs in Jordan are determined by the Council of Ministers upon recommendation of the MWI [10] . Amman households pay for piped water and wastewater according to an increasing block tariff, consisting of stepwise increasing per-unit charges and fixed charges for different quantity blocks [30] . The expenditures for piped water supply and disposal amount to about 1% to 1.5% of household incomes [10] . A large study conducted in 2000 found little stated willingness-to-pay for higher piped water tariffs [31] . However, additional income is spent on bottled water and water from tanker trucks, which both come at higher prices [29] . Most current piped water tariffs do not fully cover capital costs and operation and maintenance costs, requiring subsidies of about 0.4% of Jordan's GDP across the whole water sector [10] . In these cases, the significant environmental and resource costs are not covered at all [7] .
Applied to Amman, the fact that tariffs remain below the full cost of supplying water shows that, in the future, water demand management measures such as tariff increases might be necessary from a sustainability perspective. Other policy measures, such as reducing the intermittency of supply, could greatly increase the value of the supplied water to households (e.g., by improving the water quality and/or consumers' confidence in it), if a greater supply frequency can be reconciled with the available quantity constraints.
Method
In order to analyze this case study setting, we have created an ABM of household water consumption decisions in Greater Amman that reflects aspects of piped water supply intermittency, the use of in-house storages, and the availability of water from private tanker operators as an additional supply source.
The ABM consists of representative household agents, which simulate the behavior of average high-and low-income households belonging to different piped water intermittency categories in each of the districts in Amman. These agents calculate their water consumption based on the "tiered supply curve" model. As piped water is usually the least expensive, agents first calculate their piped water demand (Section 5.1). The total quantity of water in the network is, however, constrained by the overall quantity that WAJ transfers to Miyahuna for household supply. If the total demand is greater than the total supply constraint, then households compete for the available piped water, based on their weekly piped water supply duration and their storage capacity (Section 5.2).
Subsequently, agents cover their remaining demand with more expensive tanker water (Section 5.3). Since the private tanker market in Amman is partially informal and even relies on illegal groundwater abstractions and diversions from the piped water system, it is difficult to obtain reliable data on the total quantity of tanker water supplied, on its geographical distribution, or on the cost structure of private tanker operators [1, 19] . This study aims at estimating the demand for additional tanker water in each district of Amman, based on empirically observed tanker water prices, thereby generating an upper-bound estimate of the actual quantity of tanker water consumption.
After calculating the baseline distribution of tanker water, the model also allows the simulation of the effects of different scenarios and policy interventions on the tanker water distribution and on consumer surplus (Section 5.4). These scenarios and interventions include changes in the piped and tanker water prices, the total piped water availability, and in the intermittency of piped water supply. The resulting distributions of tanker water supply and consumer surplus changes across Amman's districts are visualized via GIS maps.
The following sections describe the model in more detail. Table 1 summarizes the variables used in the mathematical formulation of the model. Table 2 summarizes the values of baseline parameters together with the sources from which they were obtained. Unconstrained piped water quantity demanded ∈ ℝ Unconstrained piped water quantity demanded by tariff block ∈ ℝ Piped water quantity demanded ∈ ℝ , Preliminary piped water quantity demanded in iteration of the distribution algorithm ∈ ℝ
Piped water quantity supplied ∈ ℝ Tanker water quantity supplied ∈ ℝ Consumer surplus difference to the baseline by agent ∈ ℝ Total consumer surplus difference to the baseline ∈ ℝ Table 2 . Parameters.
Symbol Explanation Definition Source
Price elasticity of demand −0.116 [14] Income elasticity of demand 0.0214 [14] Rate structure premium coefficient 0.0337 [14] Coefficient of household size −0.01363 [14] Coefficient of education −0.0143 [14] Coefficient of the house type −0.0661 [14] Coefficient of the number of bathrooms 0.0407 [14] Weekly supply duration by district in days See Table A1 [3]
Number of households represented by agent See 
Piped Water Demand
Due to the high scarcity of water, piped water consumption in Amman is strongly shaped by constraints. These come from both the overall allocation of water supplies to Amman's piped water system and from the limited capacity of households to store water. In cases where these constraints are binding, the demand function only determines the consumer surplus obtained from piped water, but it is irrelevant to the piped water consumption quantity itself. In other cases, however, the demand function and the tariff structure directly determine piped water consumption. In the model, the effective demand for piped water is the lower value of the unconstrained piped water demand and the storage constraint (Equation (1)). The storage constraint is calculated by dividing a household's storage volume in m 3 by the time for which this storage has to last. If the unconstrained demand of a household is lower than its storage constraint, then the household maintains its unconstrained demand. Otherwise, a quantity equal to the storage constraint is demanded.
The unconstrained demand is determined based on a residential water demand function for Jordan, estimated by Salman et al. [14] (Equations (2) and (3)). This function determines the demand quantity in liters per capita per day (l/c/d) based on the prevailing water price per m 3 , the price elasticity of demand, and a constant calculated on the basis of various household characteristics ( ). We multiply the l/c/d quantity by the household size and divide by 1000 to get the demand quantity in m 3 per household per day.
The parameters for this function have been obtained from various sources, which are summarized in Table 2 . One of the most important sources of geographical information was the map shown in Figure 2 . Potter and Darmame [28] used a map of differently valued residential land areas in the Greater Amman Municipality to identify interview respondents for a survey of household water consumption behavior. Their analyses showed that these residential land areas provided a good proxy for household income classes. We analyzed the shares of the differently colored areas in each district with the image processing software GIMP, Version 2.6.10, [37] to obtain the shares of high-and low-income households in the five administrative districts under investigation, Al-Jameaa, Al-Qwasmeh, Marka, Qasabet Amman, and Wadi Essier.
Weekly piped water supply durations for households in different locations were obtained from a report conducted by CDM International for the United States Agency for International Development (USAID), MWI, and WAJ to support water supply planning in Amman [3] . They list several supply duration classes for 44 distribution zones in Greater Amman and the number of households belonging to each of these zones. However, the distribution zones are not perfectly aligned with the borders of the districts. For any distribution zone overlapping a district border, we again used GIMP to determine the percentage of its population belonging to each of the adjacent districts, on the basis of the simplifying assumption that population is distributed equally across the distribution zone's area. From this, we obtained 80 supply duration classes for the whole of Amman, which we subdivided into one high-income and one low-income agent each, according to the shares of income classes in the different districts. The resulting agent definitions and the populations represented by each agent can be seen in Table A1 . The water storage size available to households was obtained from Potter and Darmame's [28] analysis of the average storage size for the different income classes in Amman. Other variable values were derived from the various references listed in Table 2 . [28] . The beige areas indicate high-value and the blue areas low-value residential land, which the authors successfully used to identify respondents from different income groups for their survey.
Calculating unconstrained piped water demand correctly also requires taking into account the increasing block tariff structure that is currently used by Miyahuna [30] . It consists of a set of consumption quantity block boundaries, , and the tariffs applied to the consumption within each of these blocks, (see Table 2 ). As an example, a household consuming 30 m 38 JD for obtaining water from the first two blocks. Additionally, households pay a fixed charge, which differs from block to block. In the current model, this fixed cost will, however, not be considered due to complications in incorporating it in the demand function used, as will be explained further below in this section. During the scenario analyses, we want to be able to vary the piped water tariffs. Due to the increasing block structure, however, there is no single value that can be varied. Therefore, we vary a piped water tariff factor , which is a parameter by which all tariff values in the block structure are multiplied.
The tariff structure is incorporated into the model by successively inserting the price for each block into the demand function and testing for which block the quantity lies within that block's quantity range. If the demand quantity for one tariff block lies above its quantity range, but the demand quantity for the next higher block lies below that block's range, then the household chooses the highest quantity possible in the lower block. Equation (4) represents this decision-making procedure. It also provides a solution to the following problem: the logarithmic price term in Salman et al.'s [14] demand function does not accept a price of zero. However, the first tariff block features a price of zero. Therefore, the question is whether the quantity demanded under this block can be determined without the demand function. Due to the functional form of the demand function, in which no choke price is present, we know that under no circumstances could the fixed charge present in the tariff structure prevent entry into the first block. Since the marginal price in the first block is zero, we can also assume that agents who have entered the first block will demand the whole quantity available in that block. The choice of the first block is represented by the first option in Equation (4) . All other blocks are represented by options two and three. (For those unfamiliar with the notation, "∃ ∶" reads: there exists a tariff for one of the tariff blocks, such that the subsequent condition is fulfilled.)
Having discussed the role of the tariff structure in our decision-making model, we are equipped to describe one deviation from the demand function estimated by Salman et al. [14] . The demand function estimation in Salman et al. [14] uses the concept of a rate structure premium (RSP) [39] [40] [41] to represent the increasing block tariff structure. This concept allows for an estimation of the demand function based on the marginal price for the block in which a household buys its last units of water, without ignoring the fact that other units were bought at a lower price. This is done by calculating the price elasticity based on the marginal price and assuming that the difference between the hypothetical water bill that would have been paid had all water been charged at that price and the actual water bill paid is a lump sum income transfer to the household. This transfer is called the RSP. Since the RSP term represents a lump sum income transfer related to the water bill, it can also incorporate fixed per block charges, which occur in many tariff structures, including the one currently used in Amman.
For the use in our model, inserting the actual RSP value for each tariff block into Salman et al.'s [14] demand function would, however, lead the theoretically inconsistent result that demand increases with increasing tariffs. The reason is that, while the price effect in the demand function has been estimated in logarithmic form, the effect of the RSP has been estimated in linear form. With increasing tariffs, the influence of the RSP value on the demand quantity quickly outweighs the influence of the price, leading to unrealistically high consumption quantities and water expenditures.
To avoid this, we aim to neutralize the RSP term by always inserting the mean value determined for the household sample used in Salman et al. [14] , omitting the actual RSP and fixed charges. We expect that this introduces some distortion into the calculated demands, slightly increasing consumption in all blocks for which the actual RSP is below the mean value and slightly reducing consumption in all blocks above. However, this distortion is unlikely to have a large effect on results, since most quantities usually end up in the tariff block for which the RSP value is closest to the mean RSP value used.
Piped Water Allocation
Since the total water supply allocated to the piped water system is limited, a mechanism needs to be assumed by which water is distributed among households in cases where not all demands can be satisfied. In practice, this distribution will depend on institutional decision-making about the allocation of water to different parts of the system, as well as constraints and distribution costs imposed by the technological properties of the piped water network. If the piped water system is represented by a very detailed technical model, model complexity can mask the consequences of the assumptions made about institutional decision-making. We take a different approach and try to make very transparent assumptions about the distribution, sacrificing some precision for a better interpretability, which allows for insights into key dynamics of the system.
The main assumption is that households' access to water corresponds to their supply durations. This means, for example, that a household with a supply duration of 48 h per week will on average have access to twice as much water as a household with a supply duration of 24 h. The distribution of supply durations across the Greater Amman Municipality reflects the influence of both technological and institutional factors. We, therefore, assume that they are a good proxy of the piped water distribution in general and we use the relative supply durations of different groups of households as weights, determining which share of the total available water these groups can draw from the system.
The share that each representative household would get according to this assumption is calculated as follows: for each representative household agent a "connection-days" value is determined, which is equal to the product of the number of piped water connections (i.e., households) belonging to the agent and its supply duration parameter, measured in days. The share of water allocated to each agent is then proportional to the ratio of its "connection-days" to the sum of "connection-days" of all agents.
However, this share does not provide a comprehensive definition of the piped water distribution for all situations, since there might also be agents in a given scenario that are satisfied with quantities below their share. For this case, we make the assumption that the technical and institutional factors shaping the distribution of supply durations will also favor a distribution of the remaining water quantity according to the same shares, among those agents that are still dissatisfied with their allocation. In the implementation of the model, this redistribution is repeated until an iteration is reached in which no additional water is freed up. The corresponding procedure is summarized in pseudo-code in Algorithm 1. Update by setting it equal to its current value minus 9:
Update by setting it equal to its current value minus 10:
Else:
Tanker Water Consumption
The demand for tanker water is calculated with the same demand function [14] as the unconstrained demand for piped water (Equation (5)). This implies the simplifying assumption that tanker water supply is flexible enough that the households' storage constraint is not relevant. We've made this assumption, since the main role of tanker water in Amman is to balance the intermittency of piped water supply [10] .
The only difference to Equation (2) is that the price variable used here is an average tanker water price obtained from the literature. We found different observations of tanker prices in the literature, which all have advantages and disadvantages: Rosenberg et al. [1] and Gerlach and Franceys [29] provide values specifically determined for the tanker water consumption in Amman, but they are already a few years old. Wildmann [32] , on the other hand, provides newer values, but his observations were made across Amman, Balqa, and Zarqa, showing less spatial focus on our area of interest. Since all values differed, we opted to determine the price to be used as the average of the mean values cited in the three references. As we will see during model testing, the average tanker water demand quantity obtained under this price is relatively realistic, giving support to our choice.
Evaluation Variables
After piped and tanker water supply quantities have been determined for all agents, their consumer surplus differences compared to the baseline scenario ( ) are calculated to evaluate the welfare effects of different policy interventions and scenarios. Note that the consumer surplus component of welfare does not include aspects of the operation and maintenance cost for the water supply system, or the environmental cost that the extraction of water may cause. However, the change in consumer surplus provides direct information about the distribution of burdens from a planned policy intervention or an impending scenario. The total consumer surplus difference ( ) is the sum of the -values of all agents (Equation (6)).
For each agent, the -value is calculated as the area between the "tiered supply curve" [20, 21] and the demand function. In order to determine the consumer surplus for one scenario, we determine the definite integral for the area under the demand function and subtract the relevant area under the "tiered supply curve". The -value is then the difference between the consumer surplus for a given scenario and the consumer surplus determined for the baseline scenario. This can be expressed with the following function (Equation (7)), where the asterisk (*) indicates the scenario to be evaluated and variables without an asterisk represent values from the baseline scenario. 
where:
= The piped water tariff for the tariff block chosen by the agent = The rate structure premium for the tariff block chosen by the agent β = 1 exp( )
Implementation
The model is implemented on the ABM platform NetLogo, version 5.03 [42] , using the GIS extension. The model is first initialized based on the parameter values summarized in Table 2 and additional scenario and policy intervention parameters, which can be varied to analyze different scenarios. The scenario and intervention parameters include the piped water tariff factor, the tanker water price, a piped water availability factor, and an intermittency factor (see Section 5.8).
After the parameters have been set, the model run can be started. Each model run consists of a determination of the initial piped water demand, constrained only by storage capacity, followed by an allocation of actual piped water supply, constrained by the total availability of piped water and by the determination of tanker water demand. Subsequently, the consumer surplus difference to the baseline scenario is calculated. Model outputs are provided in numerical form and via GIS visualizations, as shown in Figure 3 . The next two sub-sections test the theoretical consistency and empirical plausibility of this model. Tanker water distribution across low-income households in Amman's districts under the baseline scenario, visualized with the GIS module of our NetLogo model [42] . Darker shades indicate higher consumption quantities.
Sensitivity Analyses
We conduct two basic sensitivity analyses to test the theoretical consistency of the model output [43] . For this, we choose two combinations of independent and dependent variables for which we have clear expectations from theory. We test the effect of varying the piped water tariffs on the demand for piped water and the effect of varying the tanker water price on tanker water demand. In the case of piped water, we vary the piped water tariff factor . For tanker water, we have assumed that a constant price prevails in all transactions. In the case of tanker water, we can therefore vary the actual price. We expect the demand and supply quantities for both sources to fall with rising prices. Figure 4 illustrates that this is indeed the case. 
Additional Model Testing
In addition to this test of the model's theoretical consistency, we test the empirical plausibility of our agent population by comparing the average income in the model to empirical data. Since our model combines household numbers from a supply planning report, the graphical analysis of a map showing the distribution of residential land categories, and average income data for the corresponding household income classes, it is important to test whether the resulting aggregate values are consistent with empirical observations. Calculating the average of both income classes' annual per capita income in the model, we get a value of 2277.302 JD. This is 7.985% higher than the DOS [33] value for the governorate of Amman of 2108.900 JD. This value is not a perfect match, but the size of the deviation does not seem to invalidate our approach to approximating the geographical distribution of income classes in Amman, especially given the fact that average income in the whole governorate could plausibly be lower than in the city of Amman.
Scenario Definitions
Finally, we define scenarios for the subsequent analyses of tanker water demand and consumer surplus changes. All scenarios are compared to a baseline scenario, in which all parameters remain at the values defined in Table 2 (Scenario 1). Scenarios 2 and 3 vary the tanker price , halving and doubling it, respectively, compared to the baseline value of 3.85 JD. These scenarios represent changes in the supply-side conditions of the tanker market, which may be due to changes in regulation or resource availability. Scenarios 4-6 vary the piped water tariff factor from 0.1 to 0.5 and 2. As water tariffs are government-regulated, these scenarios simulate the immediate effects of a policy change. Scenario 7 represents a steep increase in the intermittency of the piped water supply in Amman, which is implemented by dividing all agents' weekly supply duration parameter by two. Finally, in Scenario 8, we investigate the effects of a significant decline in the overall piped water availability, representing a shortage or a planned reduction of supply. This is implemented by multiplying the total piped water availability parameter with 0.9.
Results
This section presents the results of our scenario analyses. We first investigate the effects of different scenarios and policy interventions on the distribution of tanker water demand. This provides new insights into the role of the non-observed tanker water market in Amman's water supply. It also helps us to understand the effects of the different scenarios on consumer surplus, which we examine in the subsequent set of analyses.
Analyses of Tanker Water Allocation
In order to find out more about water consumption patterns in Amman, we examine the allocation of tanker water supply. This aspect is of special interest, since there are only limited data about the tanker water market. Also, the tanker market might play an important role for short-term adaptation to a changing water supply situation. Thus, understanding the behavior of tanker water demand under different circumstances contributes to the development of a more comprehensive picture of Amman's water allocation system as a whole. Table 3 summarizes the distribution of tanker water among the various household agents in the model across different scenarios. In the baseline scenario, we find a total tanker water quantity of 38,451.163 m 3 per day, which would correspond to 14 million m 3 per year. At the assumed price, this translates into an average expenditure of 0.28 JD per household per day, or 25.62 JD in three months. Potter and Darmame [28] found an average expenditure for tanker water across the three summer months of 19.57 JD for the Amman households in their survey, which is substantially lower. Considering the current scarcity of data about the partially informal tanker market and the resulting uncertainties involved in modeling it, obtaining an upper-bound estimate in the same order of magnitude as a survey outcome seems quite a reasonable result.
As we can see, tanker water supply is most relevant for households in the Qasabet Amman and Wadi Essier districts across scenarios. These two districts are similar with regards to their socio-economic structure, since Wadi Essier has a share of high-income households of 55% and Qasabet Amman has one of 44%. However, looking at the weekly supply durations, the finding seems puzzling, since Wadi Essier receives the lowest (38.712 h), but Qasabet Amman receives the highest mean duration (58.416 h). However, each district contains a number of agents, and the mean value might not tell us enough about the distribution of supply durations within a district. The tanker water quantity in the model is driven by those households whose supply durations are relatively short. Therefore, the median is a better indicator. Indeed, Qasabet Amman and Wadi Essier have the lowest supply durations for their median households with 31 and 34 h, respectively. In comparison, the districts Al-Jameaa, Al-Qwasmeh, and Marka have considerably higher supply durations of 48, 42, and 44 h for their median households.
We have already seen above that, as expected, the total tanker water quantity demanded is monotonically decreasing in the tanker water price. Scenarios 2 and 3 show that this also holds for each individual agent's tanker quantity demanded. In contrast, the tanker water quantity shows an unexpected reaction to changes in the piped water tariff factor (Scenarios 4-6). It falls with increases in the piped water tariff factor across all agents that use tanker water. At first glance, this seems surprising, as piped water and tanker water are substitutes. To explain this, we have to consider the stepwise nature of the water price structure. In the baseline scenario, the agents using tanker water are the ones that have the weakest position in the competition for piped water, since they have by far the fewest hours of access to the piped water system per week. As the piped water tariff factor increases from 0.1 to 0.5 to 2, the number of higher-duration households not using their full potential to abstract water from the piped water system during the distribution algorithm increases from 38,286 to 79,011 to 84,119. This means that the available piped water becomes more evenly distributed, leaving less demand for tanker water. This effect of the piped water tariff on tanker water demand also indicates that the piped water tariff can even be employed to reduce the overall freshwater use when the piped water constraint is so low that all available piped water will be consumed. When the tariff factor is, for example, doubled (Scenario 6) total piped water consumption remains equal to the total piped water constraint, but due to the tanker water demand reduction, the overall freshwater use falls from 243,127.073 m Note that an additional factor contributing to tanker water consumption could be the storage constraint, requiring agents with a shorter supply duration to surpass more days with their storage capacity. However, in neither of the tariff scenarios do any agents reach their storage constraint. Therefore, in those scenarios, the mechanism that was described above drives tanker water demand.
Increasing the intermittency of piped water supply to twice its original value without changing the quantity of piped water available (Scenario 7) has the relatively straight-forward effect of increasing the total tanker water demand. However, surprisingly, all high-income agents actually reduce their tanker water consumption. Here, the storage constraint comes into play. In this scenario, about half of the total number of households (215,178) reaches their storage constraint. Consistent with the fact that low-income households have a much smaller storage capacity (3.12 m Table 4 . Consumer surplus difference to baseline (JD/hhld./day). Finally, in Scenario 8, we analyze a situation where the overall piped water availability drops by 10%, representing a significant shortage. In this context, we also analyzed the effects of a simultaneous doubling of the intermittency factor, since such a severe water shortage might be answered by a stricter rationing scheme. This, however, did not change the results in any way. The reasons why intermittency did not have an added effect here are twofold. Firstly, the storage constraints, which could usually become binding under increased intermittency, were not reached, since the greater overall shortage prevented storages from being completely filled. Secondly, the halving of all supply durations preserved the relative power of the different agents in competing for piped water. Therefore, the distribution also did not change. Since the results for both scenarios are the same, this scenario can be read as either a pure piped-water-shortage scenario or as a piped-water-shortage-plus-intermittent-supply scenario. In either case, the scenario increases the pressure on the overall system, causing all agents to consume some quantity of tanker water. The geographical distribution of this tanker water demand is similar for high-and low-income households.
Analyses of Consumer Surplus Impacts
We evaluate the impacts of the different scenarios by calculating the consumer surplus effects they have on the different household types (see Table 4 and Figure 5 ). As we will see, the main factor driving consumer surplus development in the different scenarios is the fact that the different districts have different distributions of supply durations and different shares of high-income households, which have a higher water demand and a larger storage capacity.
Increasing the tanker water price (from Scenario 2 to 1, and from Scenario 1 to 3) has an unambiguously negative effect on consumer surplus across all agents using tanker water. This result is a natural consequence of the fact that, to these agents, the tanker price is the marginal price, which directly determines their demand quantity. Increasing this price lowers their tanker water consumption without affecting their piped water consumption. The resulting decrease in the consumption quantity and the increase in the overall water expenditure uniformly reduce their consumer surplus. The consumer surplus of those agents not using tanker water is not affected in any way. Al-Jameaa and the low-income households in Al Qwasmeh and Marka are affected the least. Qasabet Amman and Wadi Essier, which are most strongly reliant on tanker water, naturally see the strongest decreases in consumer surplus.
Tariff changes (Scenarios 4-6), on the other hand, can have more interesting effects. Generally in the range from 2 to 0.5, decreases in the tariff factor seem to have unambiguously positive impacts. However, as the tariff factor is further decreased to 0.1, the total consumer surplus decreases again, and Al-Qwasmeh and Wadi Essier experience strong negative effects. This is related to the explanation for the effect of the piped water tariff factor on tanker water consumption. In the baseline scenario, not all of the households with long supply durations use the full leverage they have on the piped water system, since they are already satisfied at a quantity below their potential maximum system abstraction. As the price falls, more and more high-duration households start exploiting their full leverage, creating an increasingly unequal water distribution (see Section 6.1). Al-Qwasmeh and Wadi Essier have the lowest average supply durations and, thus, low leverage in the distribution, causing them to end up with substantially less piped water than in the baseline scenario. The marginal benefit that this water provides to the high-duration households, however, tends to be lower than average, and the prices they pay belong to increasingly expensive tariff blocks. Therefore, total consumer surplus falls again, and a seemingly unambiguous policy creates a geographical pattern of winners and losers. Figure 5 . GIS maps showing average consumer surplus deviations from the baseline value due to changes in the piped water tariff and intermittency factors for households in different districts and income groups. Blue = gain; red = loss; darker colors indicate higher deviations from the baseline values, measured on a log-scale.
Increasing supply intermittency (Scenario 7) also creates winners and losers, though not differentiated by district, but by income class. The effects of this scenario are almost a zero-sum game and hardly as small as they seem. While the total consumer surplus difference is −2292 JD per day, high-income households gain a total of 18,905.556 JD per day and low-income households lose 21, 197 .531 JD per day. The reason is again the fact mentioned in Section 6.1: that most low-income households start to reach their storage constraint, switching to tanker water and thus freeing up piped water for the high-income households. Interestingly, reducing intermittency by half has no effect. The explanation for this is that, in this case as well as in the baseline, no storage constraints are met. This means that all households are able to store enough water to satisfy their demands throughout the supply breaks.
Finally, decreasing the overall availability in the piped water system (Scenario 8) naturally leads to a uniform consumer surplus loss across all agents. The decreased availability of relatively cheap piped water decreases the overall water consumption quantity and increases expenditure. This result, however, does not allow us to draw conclusions with regard to the overall welfare effect of decreasing the total water supply quantity. Since the model does not include the cost of supplying water, its implications are limited to the distribution of benefits from water consumption.
Discussion
The simulation results highlight the importance of a spatially and socially disaggregated perspective on the consumer surplus effects of demand-side policies and related supply-side scenarios. The first notable result is the significant size of the upper-bound estimate for the tanker water quantity throughout the different scenarios. This indicates that the tanker market is in fact very relevant in balancing the shortcomings of the piped water system. This balancing role of tanker water is also confirmed by the substantial impact of the tanker price on consumer surplus. Despite the fact that the piped water tariff has a higher political relevance, the tanker price actually has the larger effect on consumer surplus since it is the marginal good for most households in the scenarios tested. This implies that any regulation affecting tanker water supply, be it changing the bulk water price at licensed wells or even just a stronger enforcement of rules against the illegal provision of tanker water, can potentially cause significant adverse consumer surplus impacts. This finding indicates a conflict with the objective of reducing illegal water abstractions in the interest of sustainability. A resolution of this conflict might be found in well-targeted approaches, avoiding excessive burdens on specifically vulnerable groups in society. Our analyses indicate that the strongest impact of changes in the tanker water supply conditions is found among households in parts of the city facing very high intermittency, such as the districts Qasabet Amman and Wadi Essier, whereas the income group plays a smaller role. It is, however, likely that socio-economic factors not included in the model might lead to an increased vulnerability of low-income households. Policy decisions affecting tanker water supply could benefit from considering these geographical and social vulnerabilities based on disaggregated impact analyses.
Another relevant finding in this regard is that, in the current situation, the quantity of tanker water consumed actually decreases with increases in the piped water tariff. Tariff increases lead to a more equal distribution of piped water and thereby take pressure of the households most reliant on tanker water. This finding indicates that tariff increases might actually benefit freshwater sustainability in two ways: firstly, by making households internalize some of the full costs of piped water provision and, secondly, by reducing their demand for partially unregulated tanker water. An important implication is that tariff increases can effectively be used to reduce the overall quantity of freshwater used, even when the piped water tariff is below the level where it can influence the rationed piped water consumption directly. From a purely environmental perspective, tariff increases should therefore always be worthwhile. With regards to the social impacts, however, Scenario 4 showed that a seemingly straight-forward tariff reduction can create winners and losers among districts, even when only households' consumer surplus is considered. Under different circumstances, such a heterogeneous distribution of effects could also occur with a tariff increase. While adequate water pricing can improve the long-term sustainability and welfare contribution of the water sector, these efficiency effects are not immediately visible. In contrast, the unequal distribution of the costs imposed by demand-side measures across society is much more tangible, potentially creating problems of equity and political feasibility. This indicates that a disaggregated perspective could be beneficial for demand-side policies as well. It could help to identify measures that mitigate excessive burdens that might arise during a transition phase to more sustainable consumption patterns. These measures could range from the standard economic recommendation of targeted lump-sum transfers to more complex measures, such as a restructuring of the tariff scheme, which could distribute the projected burdens more equitably.
In all scenarios analyzed, the total piped water availability constrained the water use of some agents. In contrast, the storage constraint was not binding for any households in the baseline scenario. This result is, however, consistent with theoretical expectations. Since small storages are relatively inexpensive, households facing a binding storage constraint would likely have already expanded their capacity. A different situation arises in the intermittency scenario. Here, low-income households' current storage does not provide sufficient flexibility to avoid negative impacts from the changed circumstances. This effect is so strong that, under a constant total water quantity, high-income households in all districts benefit substantially from the additional water that low-income households are not able to store. Given time, most low-income households would likely adapt their capacity to the situation of heightened intermittency. The implication is, however, that a sudden increase in intermittency could lead to a transition phase in which low-income households are severely affected. If the increased intermittency is foreseeable, it might be possible to mitigate this effect by means of targeted efforts, such as ensuring acceptable supply to the most vulnerable households or supporting them in extending their storage capacities in time.
Conclusions
The analyses above have shown that the demand-side policies necessary for sustainable water use in Jordan can have very diverse effects on different districts and socio-economic groups. In our case study of the Greater Amman Municipality, this was a direct result of including complex aspects of the water supply system, such as intermittency, in-house storage, and additional water from private tanker operators, and thus accounting for the heterogeneity among households in the city. Thereby, the particular vulnerabilities of two districts in Amman to policies affecting tanker water supply could be identified, and some unexpected results were encountered, including the fact that seemingly unambiguous policies can create spatial and socio-economic patterns of winners and losers. The model has also shown a promising approach to estimating water quantities sold on the informal water tanker market in Amman and other places featuring a similar water supply situation. Further investigations into the cost structure of water tanker operators could improve these results. Both strands of investigation, estimating tanker water quantities and simulating disaggregated policy effects across consumer groups will be further pursued in the context of the Jordan Water Project.
